Cysteine modified NH 2 -end peptide nucleic acid (PNA) (24-mer) probe and 5¢-thiol end labeled deoxyribonucleic acid (DNA) probes specific to Mycobacterium tuberculosis have been immobilized onto BK-7 gold coated glass plates for the detection of complementary, one-base mismatch, non-complementary targets and complementary target sequence in genomic DNA of Mycobacterium tuberculosis using a surface plasmon resonance (SPR) technique. The DNA/Au and PNA/Au bio-electrodes have been characterized using contact angle, atomic force microscopy (AFM), electrochemical impedance spectroscopy (EIS) and cyclic voltammetric (CV) techniques, respectively. It is revealed that there is a 252 millidegrees SPR angle change in the case of PNA immobilization and 205 millidegrees for DNA immobilization, indicating increased amount of immobilized PNA molecules. Hybridization studies reveal that there is no binding of the non-complementary target to DNA/Au and PNA/Au electrode. Compared to the DNA/Au bioelectrode, PNA/Au electrode has been found to be more efficient for detection of one-base mismatch sequence. The PNA/Au bioelectrode shows better detection limit (1.0 ng ml -1 ) over the DNA-Au bioelectrode (3.0 ng ml -1 ). The values of the association (k a ) and dissociation rate constant (k d ) for the complementary sequence in case of the PNA/Au bioelectrode have been estimated as 8.5 ¥ 10 4 m -1 s -1 and 3.6 ¥ 10 -3 s -1 , respectively.
Introduction
According to a World Health Organization report in 1997, Mycobacterium tuberculosis, a causative organism for tuberculosis, is the reason for death of nearly 3 million people every year and the registration of nearly 1,000 new cases every hour. Most widely used conventional techniques for detection of M. tuberculosis, such as PCR (polymerase chain reaction), RFLP (restriction fragment length polymorphism), immunoassays and southern hybridization, have high sensitivity and specificity but are known for their limitations in terms of labour intensiveness, increased assay time (hours to days) and costly reagents.
1 And resistance to several drugs during treatment is the main hurdle in its detection via traditional molecular biological methods. There is, therefore, an urgent need for a sensitive, specific, faster and cost-effective method for detection of pathogens/microbes. In this context, biosensors can provide alternative solutions for such requirements, since they allow direct (non-labeled) and rapid detection of pathogenic microbes and other organisms. Nowadays, nucleic acid sensors are gaining more attention over traditional diagnostic methods, as they are faster, simpler and cost effective.
2-4
For the fabrication of a stable and sensitive biosensor, immobilization of a biomolecule onto a desired surface is very crucial. In the nucleic acid based biosensors, immobilization of the nucleic acid probe involves use of a thiolated probe or biotinylated oligonucleotide for its binding over a streptavidin/avidin-modified dextran/carboxymethyl dextran gold film. The total immobilization time in the latter case is about 3 to 5 days, which is much longer than about 3 h required for thiolated probe immobilization.
5-8
In the development of DNA based biosensors, self assembled monolayers (SAMs) or ordered structures of thiolated DNA on a gold surface can be achieved via use of spacer molecules between DNA and the thiol moiety, since DNA is known to form a disordered formless globular structure. Moreover, strong electrostatic molecule-molecule and molecule-surface interactions result in reduced bioactivity of poorly ordered DNA. To overcome these problems, uncharged nucleic acid analogues like PNA (peptide nucleic acid) are gaining much attention. PNA mimics DNA due to the presence of a peptide like N-(2-aminoethyl) glycine polyamide back bone instead of a sugar-phosphate backbone. Also, SAMs of PNA can efficiently recognize complementary target DNA as per the Watson-Crick rules for base pairing with improved specificity.
9-11 Besides this, PNA-DNA duplexes are more stable than the corresponding DNA-DNA duplexes.
12 And PNA, being a synthetic biomimetic molecule, is more stable and is less prone to nuclease attack, making the bioelectrode more stable/robust.
13
In the development of on-line, label-free and selective tools for detection of microbes, DNA and other biomolecules for medical and environmental applications, surface plasmon resonance (SPR) based biosensors are gaining much attention.
14, 5 The SPR method measures refractive index changes that occur upon hybridization, providing a signal that can be directly correlated with the mass density changes on a metal surface.
15, 16 SPR spectroscopy has been used for studying hybridization kinetics of PNA-DNA and PNA-RNA duplexes. The PNA linked to streptavidin at the dextran/gold surface via a biotin linker has been used for in situ hybridization detection of unlabeled DNA targets. 17 A PNA based SPR biosensor has been developed to study hybridization with complementary (20-39 mM) and point mutations at 40
• C using guanidine thiocyanate concentration 1.5-1.7 M. Further, it has been shown that a perfectly matched PNA allows detection of a single-stranded DNA with the sensitivity of less than 1% in a background of single-stranded DNA having a single C to T point mutation in the region complementary to PNA.
18
Sato et al. have reported an SPR based biosensor for detection of K-ras mutation using a 15-mer PNA probe that has high affinity for one-base mismatch discrimination at 25 and 40
• C.
19
An optical biosensor using localized surface plasmon resonance (LSPR) based on a gold-capped nanoparticle layer immobilized with peptide nucleic acid (PNA) has been designed to recognize target DNA related to tumor necrosis factor in complementary oligonucleotides and PCR-amplified real samples with detection limit of 0.677 pM within 10 minutes. 20 Tawa et al. have reported use of surface plasmon fluorescence spectroscopy (SPFS) for monitoring DNA hybridization. 21 Yao et al. have reported the effect of ionic strength on hybridization behavior of PNA with PCR amplicons, revealing that the maximum hybridization signal can be achieved at an intermediate sodium concentration (~100 mM). 22 Further, these authors have used a surface plasmon field-enhanced fluorescence spectroscopy technique for PCR product analysis. They have used PNA and DNA probes attached to a streptavidin-modified gold surface for realtime monitoring of hybridization with trace amounts of PCR products. The PNA and DNA probe surfaces show detection limits of 100 fmol and 500 fmol of PCR amplicons, respectively, within 1 minute. 23 Knoll et al. have reported an SPFS based PNA sensor for the detection of long PCR products of genetically modified soybean species, the Round-up Ready_GMO from Monsanto. A detailed quantitative evaluation of the kinetics and affinities of the association and dissociation reactions between the catcher oligonucleotide strands and chromophore-labeled PCR (125 bp) strands from solution have been discussed. 24 We report studies relating to nucleic acid hybridization using DNA/Au and PNA/Au bioelectrodes to detect the presence of a complementary sequence specific to M. tuberculosis, onebase mismatch and non-complementary targets using SPR technique. Attempts have also been made to detect presence of a complementary target in genomic DNA of M. tuberculosis.
Materials and methods

Chemicals and reagents
Cysteine modified PNA (24-mer) sequences specific to M. tuberculosis were procured from Panagene, Korea. The thiol modified sequence (24-mer), complementary target DNA sequence, onebase mismatch sequence, non-complementary sequence, Tris buffer, EDTA, potassium monohydrogen phosphate and potassium dihydrogen phosphate were procured from Sigma-Aldrich, USA. 50 nm gold-coated BK-7 glass plates (24 millimetre diameter) were procured from Autolab, Netherlands. All chemicals used were of molecular biology (MB) grade and all reagents were prepared in de-ionized water from Milli Q 10 TS (resistance 18.2 MX). All glasswares and solutions were autoclaved prior to being used. PNA and oligonucleotide sequences used for hybridization detection are shown in Table 1 .
Immobilization of thiolated DNA and PNA onto gold plate
Prior to immobilization of thiolated DNA and PNA, gold plates were treated with piranha solution (7 H 2 SO 4 : 3 H 2 O 2 ) followed by rinsing using de-ionized water and subsequent ultrasonication in absolute ethanol (for about 2 min) along with consecutive rinsing with de-ionized water. The 5¢-thiol end DNA and PNA solutions (100 mM) prepared in autoclaved de-ionized water were immobilized onto the pre-cleaned gold surface for 8500 s at 25
• C and the binding of these molecules (DNA and PNA) was monitored using the SPR technique. The uncovered gold surface was then subsequently blocked by incubating the desired gold surface in MCH (6-mercapto-1-hexanol) solution for 2 h to avoid any non-specific binding. It should be noted that we have selected the MCH molecule as it has the same length of C-chain as the thiol modified DNA/PNA at the 5¢ end, which prevents hindrance due to the spacer molecule in the hybridization process. Besides this, MCH is known to bring the bound DNA into a more favorable orientation for hybridization.
25-27
The DNA/PNA immobilized bioelectrode (PNA/Au and DNA/Au) thus formed was washed thoroughly with autoclaved de-ionized water to remove any unbound probe and was stored at 4
• C when not in use.
Characterization
Both DNA/Au and PNA/Au bioelectrodes have been characterized by contact angle measurements by the Sessile drop method 28 using a drop shape analyzer (DSA 100, DSA/V 1.9) from Kruss Gmbh Hamburg. Atomic force micrographs have been taken using a Veeco DICP2 atomic force microscope (loaded with SPM Lab analysis software). A phosphorus doped silicon tip was utilized for the scanning of the surface. The immobilization and hybridization experiments using SPR studies were recorded using an Autolab SPR, Eco Chemie (Netherlands), based on the traditional Kretschmann configuration. In SPR experiments, linearly p-polarized light from a laser (670 nm) is directed through a prism onto the gold electrode, and the intensity of reflected light as a function of time is measured over a range of 4000 millidegrees (m • ) at 25
• C. In the experiments, a goldcoated glass electrode is coupled with the plane face of the prism via an index matching fluid.
Hybridization studies
The hybridization studies have been carried out in triplicate sets using the SPR technique. In each SPR experiment, the SPR signal with the DNA/Au bioelectrode and PNA/Au bioelectrode is first recorded with de-ionized water for 120 s to obtain the baseline value, after which the solution of complementary sequence is added and is allowed to interact with the electrode for the next 800 s (association phase or nucleic acid hybridization). On completion of the association phase, the unused solution is discarded and the electrode is washed with de-ionized water (dissociation phase). After this, the SPR signal with de-ionized water is recorded and the change in the SPR angle is measured. This change in the SPR angle before and after the association phase corresponds to the amount of binding while keeping all other parameters constant. After the completion of the dissociation phase, the surface is fully regenerated by washing with solution (5.0 mM HCl) in the regeneration phase (nucleic acid denaturation) for 120 s (data not shown). To optimize the regeneration procedure, different concentrations of HCl and NaOH were tested. Among them, HCl shows a higher regeneration capacity at the optimized concentration of 5.0 mM. The single stranded probe can be regenerated by 2 min treatment with 5.0 mM HCl and is then ready for a new hybridization cycle (data not shown).
Genomic DNA sample preparation
The isolated genomic DNA of Mycobacterium tuberculosis was obtained from the Institute of Genomics and Integrated Biology (IGIB), New Delhi. The purity of DNA was calculated as about 1.0 using the equation:
Optical density (OD) at 260 nm Optical density (OD) at 280 n nm
The concentration of M. tuberculosis genomic DNA solution was estimated by UV-visible spectra (1.0 OD of ds DNA at 260 nm = 50 mg mL -1 ), was found to be 80.5 ng mL -1 .
The isolated genomic DNA of concentration 80.5 ng mL -1 was subjected to sonication for 6 minutes at 120 V and 2 A (Ultrasonic Cleaner, Vibronics Pvt. Ltd., India) for denaturation of DNA.
29,30
The obtained single stranded fragmented genomic DNA after sonication was tested in a similar way as that used for the standard sample. Fig. 1 shows SPR sensorgrams obtained for the immobilized thiolated DNA and PNA probe. It can be seen that the first phase of 120 s shows the baseline, after which solution of thiolated DNA or cysteine modified PNA is introduced for its immobilization for 8500 s onto the gold surface at 25
Results and discussion
Immobilization of DNA and PNA
• C, followed by a washing step. The change in the SPR angle (or gradual increase in the angle with time) corresponds to the amount of binding of PNA/DNA at the surface. It has been found that there is a change of 205 m
• and 252 m • for DNA and PNA binding, respectively. The larger change of SPR angle for PNA indicates larger amount of PNA immobilized onto the gold surface.
Contact angle measurements
Contact angle studies have been carried out to characterize the immobilization of DNA and PNA on the gold surface. The change in the value of the contact angle values is related to the immobilization of thiolated DNA and PNA molecules. The contact angle value of the blank gold film (Fig. 2a) is found to be 76
• , and decreases to 60
• after the immobilization of thiolated ssDNA (Fig. 2b) . And the contact angle of the bare gold film changes to 54.57
• after PNA immobilization (Fig. 2c) . The decrease in the contact angle values can be attributed to the presence of NH 2 and OH groups in DNA and PNA, which helps to lower the contact angle values. 31 The change in contact angle values after immobilization indicates successful binding of the nucleic acid (DNA/PNA) probes. The contact angle measurements were repeated a number of times and results were found to be similar in each case. It may be mentioned that we do not observe the approach of contact angle value towards 0
• after biomolecule immobilization. This may be assigned to the presence of the carbon chain skeleton and benzene ring structure of nitrogenous bases present in the DNA and PNA. We do not exactly understand at this stage the reason for such behavior. Fig. 3 shows atomic force micrographs (AFM) of the bare gold (Au) electrode, DNA/Au bioelectrode and PNA/Au bioelectrode, respectively. The uniform distribution of granular structures ( Fig. 3b and 3c ) over smooth surface of the bare gold electrode (Fig. 3a) 32 can be attributed to the immobilized DNA and PNA molecules, suggesting the formation of DNA and PNA SAM. The DNA/Au and PNA/Au bioelectrodes have been characterized using electrochemical techniques (cyclic voltammetry and electrochemical impedance measurement). The results indicate the successful immobilization and hybridization process (see ESI). † 3.5 Hybridization detection using surface plasmon resonance (SPR) studies Fig. 4 shows results of the SPR studies of DNA/Au and PNA/Au bioelectrodes for detection of hybridization with the complementary (7.3 ng mL -1 ), one-base mismatch (7.2 ng mL -1 ), non-complementary sequences and sonicated genomic DNA (5-50 ng mL -1 ). In the SPR signal of DNA/Au bioelectrode (Fig. 4a) , 203 m
Atomic force microscopic studies
• angle change is seen after hybridization with the complementary target (7.3 ng mL -1 ) indicating complete saturation of the electrode (Curve i). The change in angle of about 10.5 m
• is seen after hybridization with one-base mismatched sequence (Curve ii) indicating some non-specific binding. Negligible change is seen after hybridization with the non-complementary sequence (Curve iii). The DNA/Au bioelectrode has been utilized for various concentrations of complementary sequences and it has been found that it can detect up to~0.003 ng mL -1 or 3.0 ng mL -1 of complementary target. Fig. 4b shows SPR curves obtained for the PNA/Au electrode after hybridization with the complementary, one-base mismatch and non-complementary sequences, respectively. The SPR angle change of 251 m
• is observed with the complementary sequence (7.3 ng mL -1 ) (Curve i), indicating total saturation (Fig. 4b) . The one-base mismatch (Curve ii) and non-complementary sequence exhibit negligible binding (with an error of~2%) with the PNA/Au bioelectrode, revealing absence of non-specific binding (Curve iii). The PNA/Au has been utilized for the estimation of various concentrations of the complementary sequence and found that the bioelectrode can detect up to~0.001 ng mL -1 or 1.0 ng mL -1 . Attempts have been made to calculate the values of k a (association constant) and k d (dissociation constant) using both DNA/Au and PNA/Au bioelectrodes ( Table 2 ). Compared to the DNA/Au bioelectrode, the PNA/Au bioelectrode shows higher association constant k a (8.51 ¥ 10 4 m -1 s -1 ) for DNA hybridization detection of the complementary target. Furthermore, the PNA-Au bioelectrode does not exhibit any binding with the one-base mismatch target up to ≤15 ng mL -1 , compared to the DNA/Au bioelectrode indicating considerable change in angle for concentrations more than 5 ng mL -1 . Therefore, it can be concluded that the PNA/Au bioelectrode provides better specificity compared to DNA/Au as the bio-recognition element. Moreover, PNA/Au bioelectrode provides a better detection limit (1.0 ng mL -1 ) as compared to the DNA/Au bioelectrode (3.0 ng mL -1 ). Further, the PNA/Au bioelectrode has been found to be reusable 8-9 times, compared to 5-6 times for the DNA/Au bioelectrode. The PNA/Au bioelectrode was tested at regular intervals of 5 days and has been found to be stable for about 30 days, compared to about 20 days for the DNA/Au bioelectrode at 4
• C. Keeping this in view, further experiments have been carried out using PNA/Au bioelectrodes to detect the presence of the complementary target in genomic DNA of M. tuberculosis.
The PNA/Au bioelectrode has been utilized to hybridize with the six-minute sonicated M. tuberculosis genomic DNA (Fig 4c) . It is seen that the 6 minute sonication is sufficient to break the genomic DNA into an appropriate length to be hybridized with the PNA/Au electrode.
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The hybridization has been observed in a concentration range of 5-50 ng mL -1 of the sonicated genomic DNA with an association time of 600 s. A control experiment carried out with unsonicated DNA shows no binding at the surface. The detection limit for the genomic DNA has been found to be 10.0 ng mL -1 .
Conclusions
It has been shown that thiolated DNA and PNA can be immobilized onto a gold surface via self-assembled monolayer formation. The PNA/Au bioelectrode shows an improved detection limit (3 times) and specificity for the complementary target using the surface plasmon resonance technique. It is revealed that PNA/Au bioelectrode can be used to detect complementary target sequence using genomic DNA of M. tuberculosis (10 ng mL -1 ) without the use PCR amplification and stringent washings. This SPR based PNA biosensor can be utilized efficiently for faster detection of the M. tuberculosis. Efforts are being made to improve the characteristics of PNA/Au bioelectrode and to directly detect the complementary sequence in M. tuberculosis in clinical samples.
